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a b s t r a c t
Progenitors of the zebraﬁsh pronephros, red blood and trunk endothelium all originate from the ventral
mesoderm and often share lineage with one another, suggesting that their initial patterning is linked.
Previous studies have shown that spadetail (spt) mutant embryos, defective in tbx16 gene function, fail to
produce red blood cells, but retain the normal number of endothelial and pronephric cells. We report
here that spt mutants are deﬁcient in all the types of early blood, have fewer endothelial cells as well as
far more pronephric cells compared to wildtype. In vivo cell tracing experiments reveal that blood and
endothelium originate in spt mutants almost exclusive from the dorsal mesoderm whereas, pronephros
and tail originate from both dorsal and ventral mesoderm. Together these ﬁndings suggest possible
defects in posterior patterning. In accord with this, gene expression analysis shows that mesodermal
derivatives within the trunk and tail of spt mutants have acquired more posterior identity. Secreted
signaling molecules belonging to the Fgf, Wnt and Bmp families have been implicated as patterning
factors of the posterior mesoderm. Further investigation demonstrates that Fgf and Wnt signaling are
elevated throughout the nonaxial region of the spt gastrula. By manipulating Fgf signaling we show that
Fgfs both promote pronephric fate and repress blood and endothelial fate. We conclude that Tbx16 plays
an important role in regulating the balance of intermediate mesoderm fates by attenuating Fgf activity.
& 2013 Elsevier Inc. All rights reserved.
Introduction
The kidneys, red blood and trunk endothelium are mesodermal
derivatives that share a common developmental origin in the
vertebrate embryo. In the model systems studied thus far, all three
tissues derive from mesoderm on the ventral side of the gastrula,
an area that tends to produce the posterior of the embryo (Delarue
et al., 1994; Hatada and Stern, 1994; Kimmel et al., 1990; Lane and
Sheets, 2006; Vogeli et al., 2006; Warga et al., 2009). In zebraﬁsh,
these three tissues frequently descend from the same blastula
progenitor cell (Warga et al., 2009) and even once germ layers are
established and the basic body plan is evident, they remain closely
associated (reviewed in: (Davidson and Zon, 2004; Drummond,
2003)). By the end of gastrulation, presumptive kidney, red blood
and trunk endothelium reside in paired bands of tissue that we
refer to here as intermediate mesoderm because it is sandwiched
between paraxial mesoderm and lateral plate mesoderm all of
which are distinguishable from each other by gene expression
(Rohde et al., 2004). Ultimately intermediate mesoderm in the
trunk segregates into a nephric portion that epithelializes into the
paired pronephric kidneys and a blood/endothelial portion, which
migrates medially to become the intermediate cell mass, a
composite of blood cells and encapsulating endothelium that
eventually form the blood vessels (reviewed in: (Davidson and
Zon, 2004; Drummond, 2003)).
How the intermediate mesoderm is patterned into the indivi-
dual cell fates is still largely unclear. In amniotes as well as frogs
and ﬁshes, when the intermediate mesoderm can ﬁrst be distin-
guished molecularly, all cells express genes involved in kidney
development (Heller and Brändli, 1999; Pfeffer et al., 1998). Later,
subsets of cells in the intermediate mesoderm begin to express
additional genes more exclusive to a kidney or red blood/endothe-
lial program of development, demarcating presumptive kidney
cells from presumptive blood/endothelial cells. Eventually, cells
in the red blood/endothelial ﬁeld restrict to a red blood or
endothelial-speciﬁc gene program (reviewed in: (Davidson and
Zon, 2004; Dressler, 2006; Drummond, 2003)). This progressive
reﬁnement in gene expression suggests that perhaps kidney fate is
an intermediate step in the blood and endothelial differentiation
pathway, which takes longer to be established. A similar phenom-
enon of hierarchy is likewise observed within the intermediate
mesoderm lineages of zebraﬁsh (Warga et al., 2009).
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A number of signaling molecules are implicated in patterning
the kidneys, red blood and endothelium. These signaling mole-
cules include members of the Fgf and Wnt families, as well as
members of the Bmp family (reviewed in: (Baron and Fraser, 2005;
Chappell and Bautch, 2010; Dressler, 2009)). In addition, Fgfs,
Wnts and Bmps are essential during gastrulation for inducing and
maintaining ventral mesoderm fate (reviewed in: (Kimelman,
2006; Schier and Talbot, 2005)), which in general generates the
more posterior mesodermal tissues (Kimmel et al., 1990; Lane and
Sheets, 2006; Warga and Nusslein-Volhard, 1999). Other mole-
cules critical for patterning the posterior mesoderm include T-box
transcription factors, many of which interact with the Fgf, Wnt and
Bmp signaling pathways (reviewed in: (Naiche et al., 2005)).
In zebraﬁsh, a number of T-box genes are thought to be
involved in posterior mesoderm patterning, these include: no tail
(ntl), spadetail (spt) and tbx6-like (formerly tbx6) (Grifﬁn et al.,
1998; Hug et al., 1997; Schulte-Merker et al., 1994). Only spt
however, is known to have a role in blood, endothelial or kidney
development. The product of spt, Tbx16, normally is required cell
autonomously during gastrulation in the presumptive nonaxial
mesoderm (Ho and Kane, 1990; Row et al., 2011). In its absence,
mesodermal cells fail to activate muscle-speciﬁc genes or migrate
correctly to the dorsal axis (Grifﬁn and Kimelman, 2002; Kimmel
et al., 1989; Row et al., 2011; Weinberg et al., 1995; Yamamoto
et al., 1998). Rather, mutant cells locate to the tailbud and acquire
new fates leaving the trunk noticeably deﬁcient in muscle and the
tail with a surplus of cells (Amacher et al., 2002; Kimmel et al.,
1989). spt mutants also fail to form red blood cells (Kimmel et al.,
1989; Oates et al., 2001; Thompson et al., 1998), not only because
spt function is required cell autonomously for red blood-speciﬁc
gene expression, but potential signals from trunk muscle are also
critical as a niche for red blood to differentiate (Rohde et al., 2004).
Previous reports however, show that other intermediate meso-
derm derivatives, including blood derived from the head inter-
mediate mesoderm, develop normally in spt mutants (Kimmel
et al., 1989; Le Guyader et al., 2007; Lieschke et al., 2002; Rohde
et al., 2004; Thompson et al., 1998).
In a previous publication, we reported the elucidation of two
intermediate mesoderm lineages (Warga et al., 2009). One that
derives from the dorsal half of the gastrula, locates to the head and
produces endothelium and macrophages (a type of white blood).
The second derives from the ventral half of the gastrula, locates to
the trunk and produces pronephros, endothelium and erythrocytes
(red blood). In this study, two other blood types namely neutrophils
(also a type of white blood) and platelets often derived from the
lineage that included red blood cells. This result prompted us to ask
if these associated cell types were also lacking in spt mutants. Here
we report that all types of embryonic blood, including macro-
phages, are deﬁcient in spt mutants. Furthermore, we show that spt
function is not simply required for blood cell development, but that
it correctly balances the proportion of blood, endothelium and
kidney. Unexpectedly the underlying cause for this imbalance in
tissues results from excess Fgf8a induced activity, which favors
nephric fate over blood and endothelial fate.
Materials and methods
Embryos, heat-shocks, antisense morpholino and chemical treatments
Fate mapping, in situ analysis, antisense morpholino and
pharmacology were performed in embryos derived from crosses
of identiﬁed sptb104 heterozygotes.
To induce Fgf8a expression, we used embryos derived from
heterozygous tg(hsp90l:fgf8a) (Hans et al., 2007) ﬁsh crossed to
wildtype ﬁsh, resulting in 50% of the progeny carrying the transgene.
All embryos, including those not carrying the transgene, were heat-
shocked at 40 1C for 30 min. A portion of these embryos were ﬁxed an
hour after heat-shock and probed for ubiquitous fgf8a expression to
test reliability of induction as ectopic fgf8a mRNA is retained for
approximately 2 h after heat-shock (Hans et al., 2007). Genotype was
determined by PCR using the following primers: hspF: 5′- CATGTG-
GACTGCCTATGTTCATCT-3′ and fgf8aR: 5′- TGTCCATGAAGGTGAG-
GAGCGCAGC-3′, which produces a 650 bp product in embryos
carrying the transgene.
To block Fgf8a expression, we used a morpholino against fgf8a,
covering the translational start codon 5′ - GAGTCTCATGTTTA-
TAGCCTCAGTA - 3′ (Araki and Brand, 2001). We injected between
2–5 ng of morpholino per embryo at the one- to eight-cell stage.
Between 4–5 ng produces a phenotype that phenocopies the
acerebellar (ace) mutant phenotype, a known loss-of-function in
fgf8a (Araki and Brand, 2001; Reifers et al., 1998).
To block Fgf receptor activity, embryos were treated for 1 h
with the Fgf receptor inhibitor SU5402 (Tocris Bioscience) at
25 mM. We tested a number of concentrations and found this
concentration caused the least developmental defects in wild-type
embryos. Blocking Fgf receptor activity for 1 h rather than con-
tinuous treatment at lower concentrations as performed in other
studies (Grifﬁn and Kimelman, 2003) more accurately phenocop-
ied the ace mutant.
All Fgf experiments were monitored using the midbrain–hind-
brain boundary and/or the otic vesicle as an internal control for
Fgf8a induced activity. Both are visualized by pax2a expression
(Pfeffer et al., 1998) and depend upon Fgf8a signaling for their
induction or maintenance (Hans et al., 2007; Phillips et al., 2001;
Reifers et al., 1998). Overexpressing Fgf8a during gastrulation
decreases the size of the otic vesicle (Hans et al. 2007), whereas
loss of Fgf8a function causes the midbrain-hindbrain boundary to
diminish and eventually disappear following its seemingly normal
induction (Reifers et al. 1998).
Exogenous RA was provided by treating embryos for 1 h with
1 mm RA (Sigma-Aldrich) following the protocol by Stafford and
Prince (2002).
In situ hybridization, antibody staining and cell counting
Whole-mount RNA in situ hybridization was carried out using
digoxigenin-labeled riboprobes following the protocol in (Thisse
and Thisse, 2008). Whole-mount antibody staining was carried out
using an anti-β-catenin antibody (Sigma-Aldrich) followed by
detection with the Vectastain Elite ABC peroxidase kit (Vector
laboratories) and a DAB enzyme substrate reaction.
Cell counts of intermediate mesoderm tissues, were done by
mounting embryos dorsal up and counting all the cells in an
individual stripe at 200 magniﬁcation on a Zeiss Axiophot or
Zeiss Axioskop. By focusing up and down through several planes
and moving the ﬁeld as necessary we were able to distinguish all
the cells in an individual stripe marked by a particular riboprobe.
Cell counts were frequently done more than once producing
similar counts, validating this method of quantiﬁcation. As a
further test of the data collected by cell counts, we compared
our data for the different intermediate mesoderm fates in Fig. 2 to
data collected by performing gene set enrichment analysis for
tissue-speciﬁc genes included in the supplementary data. Both are
in agreement with each other, again demonstrating that counting
cells is reliably accurate.
Lineage tracing and fate map construction
Lineage tracing and fate map construction were performed as
described in Warga et al. (2009). The entire data set included 155
wild-type clones, and 50 mutant clones (Supplementary Fig. 1).
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Gene set enrichment and individual gene analysis
Gene set enrichment analysis was applied to previously pub-
lished microarray data derived from wildtype and sibling spt
mutants collected at the 4/5-somites (11.5 h) and 21-somites
(19.5 h) (Mueller et al., 2010). Gene sets were compiled from the
following sources: the ZFIN anatomical ontology browser (http://
zﬁn.org), the gene ontology information in the Affymetrix zebra-
ﬁsh array annotation, and the literature. Gene sets (listed in
supplemental data) included 32 red blood genes, 21 white blood
genes, 63 pronephric genes, and 22 endothelium genes. Affymetrix
CEL ﬁles for the two developmental stages were combined for
enrichment analysis of each tissue type using the ExpressionFile-
Creator module of the GenePattern software package (quantile
normalization¼yes, background correct¼yes). Gene set enrich-
ment analysis for the four tissues was run using GSEA software
(http://www.broad.mit.edu/gsea/) at the probe level (Collapse
dataset to gene symbols¼False) with 1000 gene set permutations.
Eight genes were expressed in more than one tissue. Because
inclusion of genes in multiple gene sets can affect statistical
signiﬁcance levels, analyses were repeated both including and
excluding these eight genes.
Individual fold changes for fgf8a, spry2 and bon expression
were determined using the previously published microarray data
derived from control and sibling tbx16-deﬁcient embryos collected
at 75% epiboly (8 h) (Garnett et al., 2009).
Results
spt mutants have a shortage of all types of embryonic blood
spadetail (spt) mutant embryos, lack red blood cells (erythro-
cytes) (Kimmel et al., 1989; Oates et al., 1999; Rohde et al., 2004;
Thompson et al., 1998). Because we previously showed that
neutrophils (a type of white blood) and platelets derive from red
blood lineages (Warga et al., 2009), we postulated that these other
types of blood might be missing as well in spt mutants. To
investigate this possibility we examined a variety of blood-
speciﬁc genes in the intermediate cell mass at approximately the
21-somite stage (19.5 h; Fig. 1 and Supplementary Fig. 2A–C).
These included genes encoding transcriptional regulators impor-
tant for all early blood (tal1, drl and lmo2) (Herbomel et al., 1999;
Liao et al., 1998; Thompson et al., 1998) as well as genes speciﬁc
only to red blood cells such as the GATA transcription factor gata1
and the hemoglobin hbbe2 (Brownlie et al., 2003; Detrich et al.,
1995) or genes speciﬁc only to white blood cells such as the ETS-
domain transcription factor spi1 and the peroxidase enzyme mpo
(Bennett et al., 2001; Lieschke et al., 2001, 2002), including the
actin binding protein lcp expressed only in early macrophages
(Herbomel et al., 1999), a cell type that is not derived from the red
blood lineage (Warga et al., 2009). Without exception, many fewer
cells expressed each of these markers in spt mutants indicating
that blood in general, rather than red blood in particular, is
deﬁcient in spt mutants.
spt mutants have more pronephros and slightly less endothelium
Previous studies reported that the kidney and endothelium are
disorganized, but retain their normal cell quantities in spt mutants
(Oates et al., 1999; Rohde et al., 2004; Thompson et al., 1998). We
saw similar disorganization, but found that spt mutants had many
more pronephric precursors, and fewer trunk endothelial precur-
sors than wildtype. At the 11-somite stage (14.5 h), the paired-box
transcription factor pax2a is normally expressed throughout the
entire nephric portion of the intermediate mesoderm, whereas the
Notch ligand jag2, at this time, is expressed in just the anterior
part (Krauss et al., 1991; Ma and Jiang, 2007; Pfeffer et al., 1998). In
spt mutants, stripes of pax2a expression were broader and jag2
expression reached further caudal (Fig. 2A, B). Likewise at this
time, the proto-oncogene ﬂi1a and the endothelial cell adhesion
molecule cdh5 are normally expressed throughout the entire
endothelial portion of the intermediate mesoderm (Larson et al.,
2004; Thompson et al., 1998). In spt mutants, stripes of ﬂi1a and
cdh5 expression in the trunk were disordered and patchy (Fig. 2C,
D). To quantify these observations we counted the number of cells
marked by these various genes at 14.5 h. Mutant embryos had
approximately one third more kidney precursors, and slightly less
endothelial precursors than wildtype (Fig. 2J). By comparison, the
number of cells in the mutant that expressed the blood transcrip-
tional regulators spi1, gata1, and tal1 were greatly reduced
compared to normal (Fig. 2E–G, J), showing that in the trunk,
mutants have few blood precursors at 14.5 h, red or white.
Most of the intermediate mesoderm is located in the trunk,
however a portion does reside in the head. This population of cells
do not share lineage with red blood (Warga et al., 2009) and only
produces endothelium or macrophages (also white blood)
(Herbomel et al., 1999). Here at 14.5 h, the shortage of blood
precursors was less severe and the number of endothelial pro-
genitors was normal (Fig. 2H, I, K and data not shown). Thus
some intermediate mesoderm tissues in the mutant are largely
unchanged.
To further test if more cells are allocated to kidney and less to
blood and endothelium in spt mutants, we performed gene set
enrichment analysis on our previously published microarray data
collected at 11.5 h and 19.5 h (Mueller et al., 2010). Consistent
with previous reports, as well as our current results that mutants
Fig. 1. sptmutants have less of all types of blood. (A–F) Expression in the intermediate cell mass at 19–20 h of: (A) tal1 and (B) drl in all blood cells; (C) gata1 and (D) hbbe2 in
red blood cells; (E) spi1 in white blood cells; and (F) mpx in neutrophils. (G) lcp expression at 19 h in macrophages derived from the head blood island. Embryos are shown
from a (A–F) left side view, or (G) dorsal view with anterior to the left. Arrows designate single cells.
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have fewer erythrocytes, the red blood gene set was signiﬁcantly
downregulated in spt mutant tissue relative to wild-type tissue
(False Discovery Rate q-valueo0.001, normalized enrichment
score¼2.99). In agreement with our in situ analysis, the white
blood gene set was also downregulated in spt mutant tissue
relative to wild-type tissue (False Discovery Rate q-value¼0.022,
normalized enrichment score¼1.61) while the nephric gene set
was signiﬁcantly upregulated (False Discovery Rate q-value¼
0.002, normalized enrichment score¼1.77). The endothelial gene
set did not appear signiﬁcantly enriched in either genotype (False
Discovery Rate q-value40.5), which may reﬂect the much smaller
difference between mutant and wildtype observed above. Eight of
the genes we analyzed were expressed in two tissue categories;
therefore we reran the data with their exclusion and obtained
similar results (False Discovery Rate q-values: qo0.001, q¼0.1,
q¼0.003, and q40.5 for red blood, white blood, kidney and
endothelium, respectively). Together these experiments support
our ﬁnding that spt mutants have more pronephros, much less
blood and slightly less endothelium.
Altered morphogenesis of the spt trunk intermediate mesoderm
Presumptive trunk intermediate mesoderm ﬁrst becomes appar-
ent in the zebraﬁsh during gastrulation (80% epiboly, 8.5 h) upon
transcription of the nephric marker pax8, a paralog of the paired-box
transcription factor pax2a (Heller and Brändli, 1999; Pfeffer et al.,
1998). Subsequently at the end of gastrulation (tailbud, 10 h), all
pax8-positive cells begin to co-express the nephric marker pax2a.
Simultaneously, a subset of pax8-positive cells also begin to tran-
scribe the endothelial marker ﬂi1a and shortly later, the hematopoi-
etic markers tal1 and lmo2 (Davidson et al., 2003; Walmsley et al.,
2002). Thereafter a sequential activation of genes important for
kidney, endothelial or blood cell fate appear, but by the 5-somite
stage (11.7 h), just after onset of expression of the ﬁrst red blood-
speciﬁc gene (gata1), populations of cells in the intermediate
mesoderm seem to have limited their expression to genes speciﬁc
for one particular fate (reviewed in (Davidson et al., 2003)).
We investigated this spatiotemporal pattern of gene expression
reﬁnement in spt mutants. In general, all nephric and endothelial
genes appeared on schedule, but all hematopoietic genes were
severely delayed (Fig. 3A). Furthermore, from the onset, the spatial
pattern of different cell fates was aberrant in spt mutants. Not only
were nephric stripes closer together (likely due to the absence of
trunk paraxial mesoderm) these stripes were wider and missing
the most posterior portion (Fig. 3B). The same was true of
endothelial stripes, although their spatial distribution was also
patchier, suggesting a dearth of cells (Fig. 3C). Once they appeared,
the few cells forming the blood stripes were even closer together
and scattered within the intermediate mesoderm (Fig. 3D). We
conclude that, not only does intermediate mesoderm not form in
the proper place in spt mutants, but that once it forms, fewer cells
switch over to an endothelial cell fate and far fewer cells to a blood
cell fate.
Trunk intermediate mesoderm and tail map more dorsally and
animally in spt mutants
Derivatives of the trunk intermediate mesoderm normally
originate from the more ventral side of the gastrula close to the
margin (Warga et al., 2009). We investigated where they derived
in spt mutants by labeling single marginal cells of the blastula
(3.5 h) with lineage tracer dye and determining the location of the
ensuing clone of cells at the onset of gastrulation (6 h), before the
majority of morphogenetic movements begin. Cell fate of these
Fig. 2. spt mutants possess more nephric precursors, but have fewer endothelial and hematopoietic precursors. (A–G) Expression in the trunk at 14.5 h of: (A) pax2a and (B)
jag2, in nephric cells; (C) ﬂi1a and (D) cdh5, in endothelial cells; and (E) spi1, in white, (F) gata1, in red, and (G) tal1, in all blood cells (arrow designates a single cell). (H, I)
Expression in the head at 14.5 h of: (H) ﬂi1a, in endothelial cells; and (I) spi1, in macrophages. (J, K) Quantiﬁcation of intermediate mesoderm precursors for: (J) trunk, and
(K) head. Graphs show the average number of cells per marker including standard error; 9 embryos for each category were counted. Embryos are shown from a (A–G)
posterior view, or (H, I) anterior view with dorsal to the top.
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clones was subsequently ascertained at one to two days of
development (Fig. 4A–E). In general, we found that the trunk
intermediate mesoderm in spt mutants mapped more dorsally and
more animally than in wildtype. Pronephros now derived from
both the dorsal and ventral side (Fig. 4F), whereas blood (ery-
throcytes, neutrophils, and platelets), derived almost exclusively
from the dorsal side (Fig. 4G). Though more subtle, this was
true for trunk endothelium as well (Fig. 4H). Furthermore unlike
wildtype, the vast majority of trunk intermediate mesoderm
clones mapped more than a cell diameter from the margin. The
frequency of labeling intermediate mesoderm in spt mutants was
about normal (60% versus 62%), but if one considered individual
fates (as a proportion of all the intermediate mesoderm clones),
there were notable differences between mutant and wildtype.
Endothelial clones were about as frequent if trunk and head were
considered together, however pronephric clones were twice as
frequent in spt mutants and trunk blood clones half as frequent
(Fig. 4J).
The spt intermediate mesoderm fate map suggests possible
defects in anterior–posterior patterning as ventral mesoderm, not
dorsal mesoderm, normally produces tissues found more posterior
in the embryo (Kimmel et al., 1990; Lane and Sheets, 2006) and as a
rule, the further a mesodermal cell is from the margin at the onset
of gastrulation, the more posterior in the embryo its derivatives
lie due to morphogenesis (Warga and Kimmel, 1990; Warga and
Nusslein-Volhard, 1999). We tested this by mapping the origin of
cells in the “spade tail”, a hallmark feature of the mutant due to an
abnormal accumulation of cells in the tailbud (Kimmel et al., 1989).
For this we used the two most common tail derivatives: caudal ﬁn
mesenchyme and tail muscle. Normally these tissues derive exclu-
sively from the most ventral cells of the gastrula (Warga and
Nusslein-Volhard, 1999). In spt mutants, they derived from more
dorsal and more animal locations (Fig. 4I), from cells that normally
produce muscle in the trunk (Warga and Nusslein-Volhard, 1999).
We conclude from this result that tail-speciﬁc fates in the spt
gastrula have expanded into the trunk territory.
We also investigated where head intermediate mesoderm
mapped in spt mutants. Normally this derives from the more
dorsal side of the gastrula (Warga et al., 2009). However, in spt
mutants, head endothelium and macrophages now also mapped
ventrally (Fig. 4G, H), as has been found previously for other
dorsally-derived fates in spt mutants (Kimmel et al., 1989; Warga
and Nusslein-volhard, 1998) perhaps because cells in the spt
organizer ﬁeld do not cohere together properly behaving instead
like cells more ventrally (Warga and Nusslein-volhard, 1998).
While macrophage clones were somewhat more frequent in spt
mutants (Fig. 4J), they only originated from clones at the margin
(Fig. 4G) showing again that the normal axes (animal–vegetal and
dorsal–ventral) that determine later anterior–posterior position
are distorted in spt gastrulae.
Fig. 3. Spatiotemporal gene expression is altered in the intermediate mesoderm of spt mutants. (A) Temporal expression proﬁles of nephric (green), endothelial (blue) and
hematopoietic (red) genes expressed in the trunk intermediate mesoderm. For each gene, the bar above symbolizes wild-type expression and the bar below mutant
expression. Lightness or darkness of color for mutant denotes less or more cells. Vertical dotted lines denote onset of expression in wildtype. Examples of expression are
shown in adjacent panels B–D and in Figs. 1,2 and 5 and Supplementary Fig. 2. (B–D) Spatial pattern of trunk intermediate mesoderm genes: (B) pax2a, in nephric
progenitors; (C) ﬂi1a, in endothelial progenitors; and (D) tal1, in hematopoietic progenitors. Embryos are shown from a posterior view with dorsal to the top. Arrow
designates portion missing in the mutant.
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Anterior–posterior patterning is altered in spt mutants
We next asked whether posterior tissue is overrepresented in
spt mutants. In animals, hox genes confer regional identity to the
developing embryo (Krumlauf 1994) and similar to their tetrapod
counterparts, zebraﬁsh hox genes display colinear expression
along the anterior–posterior axis (Prince et al., 1998). All the
posterior hox genes that we examined in the posterior mesoderm
of spt mutants appeared to be more highly expressed (Fig. 5A–D
and data not shown). At 15-somites (16.5 h), strong expression of
hoxb6a and hoxb7a in the mutant tailbud, was more extensive.
This could simply reﬂect more cells in the mutant tailbud,
however later expression at 18-somites (18 h) of other hox genes
such as hoxd13a in the presumptive cloaca and hoxb8a and
hoxc11b in the presumptive pronephros, showed that once cells
left the mutant tailbud and began to differentiate, not only were
these genes expressed in far more cells, but also in cells rostral of
their normal domains. This was particularly evident for hoxb8a,
whose pronephric expression domain drastically shifted rostral up
the trunk, suggesting that anterior cells in the sptmutant take on a
more posterior fate.
The pronephros is the only intermediate mesoderm-derived
tissue known to possess regional identity (Serluca and Fishman,
2001; Wingert et al., 2007). Examination of this tissue in more detail
at 20-somites (19 h), showed that genes speciﬁcally marking anterior
kidney segments such as the Wilms' Tumor suppressor gene wt1a
(Serluca and Fishman, 2001) and the glutathione peptide biosynth-
esis enzyme gss (Thisse et al., 2001), were expressed in far fewer cells
of the spt mutant (Fig. 5E, F). Whereas genes speciﬁcally marking
posterior kidney segments such as jag2 and pax2a,which at this time
are now expressed caudally in the pronephric duct, were expressed
in signiﬁcantly more cells including many rostral of their normal
Fig. 4. Trunk intermediate mesoderm and tail derivatives originate from more dorsal and animal locations in the spt mutant. (A–E) High magniﬁcation bright ﬁeld and UV
views of labeled cells in spt mutants at 24–36 h: (A) Pronephric cells (arrows); (B) an erythrocyte (arrow), merged view shows neighboring unlabeled erythrocytes
(arrowheads); (C) neutrophils; (D) macrophages; and (E) endothelial cells. All cells resembled their wild-type counterpart. Other labeled cells include hindgut endoderm
(e) and muscle cells (m). (F–J) Location of clones at 6 h that gave rise to: (F) Pronephros; (G) Blood: trunk (erythrocytes, neutrophils and platelets) versus head
(macrophages); (H) Endothelium: trunk versus head; and (I) Tail (caudal ﬁn mesenchyme and tail muscle). For conventional presentation, clones are projected onto the left
side even if they were on the right. Axes: y, distance from the blastoderm margin (zero) measured in cell tiers and x, distance from dorsal (zero) measured in degrees radian.
For trunk blood, the color of the symbol indicates whether the clone gave rise only to erythrocytes (red), or also to neutrophils (green), platelets (blue) or both (green/blue).
(J) The percent of clones that gave rise to a speciﬁc derivative. The entire data set for intermediate mesoderm included 130 wild-type clones, and 33 mutant clones.
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domains (Fig. 5G, H). These changes of expression patterns in the
kidney provide further support that anterior mesoderm is transfating
to a more posterior fate in the mutant.
The Fgf and Wnt pathways are overactive in spt mutant gatrulae
In vertebrates, the three most important signaling pathways
which confer posterior identity to the embryo are Fgf, Wnt and
Bmp (reviewed in: (Auleha and Pourquié, 2010; Diez del Corral and
Storey, 2004; Stern et al., 2006)). In zebraﬁsh, components of each
pathway are expressed during gastrulation (reviewed in: (Kimelman,
2006; Schier and Talbot, 2005)), and this is the period when defects
in spt mutants ﬁrst appear (Ho and Kane, 1990; Kimmel et al., 1989;
Rohde et al., 2004; Warga and Nusslein-volhard, 1998; Weinberg
et al., 1995; Yamamoto et al., 1998). We ﬁrst investigated Fgf signaling
and found that the expression domain of fgf8a, a zebraﬁsh ortholog
of mouse, chick and frog Fgf8 and the principle Fgf ligand involved in
posterior fate (Draper et al., 2003; Ota et al., 2009; Reifers et al.,
1998), appeared noticeably expanded on the ventral and lateral sides
of spt mutants an hour after the onset of gastrulation (7 h; Fig. 6A).
Furthermore, expression in these territories appeared more robust in
the mutant. Whether or not more cells express fgf8a at this time or
Fig. 5. spt mutants possess more posterior mesoderm. (A) Expression at 16.5 h of hoxb6b, arrowhead indicates the extent of anterior staining within the tailbud mesoderm.
(B–D) Expression at 18 h of: (B) hoxd13a, (C) hoxc11b, and (D) hoxb8a, arrowheads indicate extent of staining in the cloaca (B) or in the pronephros (C and D). (E–I) Expression
at 19 h of: (E) wt1a and (F) gss, marking anterior segments and (G) jag2 and (H) pax2a, marking posterior segments. Arrows indicate label in the most anterior nephric
segment and brackets indicate regions that are altered. Embryos are shown from a (A–D and G, H) left side view, or (E, F) dorsal view with anterior to the left.
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the same numbers of cells express higher levels of fgf8a, analysis of
published microarray results (Garnett et al., 2009) conﬁrmed that
fgf8a expression is upregulated Z1.5-fold at 8 h in tbx16-deﬁcient
embryos. In agreement with these results, later expression of fgf8a at
the end of gastrulation (10 h) in the mutant was also signiﬁcantly
more widespread and robust caudally and as the tailbud formed
(11 h), more cells than normal in the posterior of the embryo
appeared to express high levels of fgf8a. We conclude from these
results that fgf8a expression is elevated in sptmutants and that likely
Fgf signaling is not normal.
We conﬁrmed this by looking more closely at the Fgf and Wnt
signaling pathway. The T-box transcription factor no tail (ntl), a
zebraﬁsh ortholog of mouse Brachyury (Schulte-Merker et al.,
1994) is an immediate target of Fgf signaling (Draper et al.,
2003; Grifﬁn et al., 1995; Schulte-Merker and Smith, 1995). We
found that the domain of ntl expression at 7 h likewise was more
extensive on the ventral side of spt gastrulae (Fig. 6B). Correspond-
ingly later, there were also many more ntl-positive cells in mutants
caudally. Oddly, like fgf8a, ntl expression dorsally at 7 h was
weaker than normal, even though later, spt mutants posses more
notochord cells (Warga and Nusslein-volhard, 1998). Ntl regulates
canonical Wnt signaling during gastrulation (Martin and
Kimelman, 2008; Morley et al., 2009); akin to fgf8a and ntl, but
more subtle, the expression domain of wnt8a, a zebraﬁsh ortholog
of mouse, chick and frog Wnt8 and one of the principle Wnt
ligands involved in posterior fate (Kelly et al., 1995; Lekven et al.,
2001; Ramel et al., 2005), also appeared to be more extensive
ventrally and laterally at 7 h, as well as perhaps a bit more robustly
expressed in these regions. This increased expression was more
evident later at 10 and 11 h in the posterior of the embryo
(Fig. 6C). We also examined expression of the caudal identity
transcription factors, cdx4 and cdx1a (Davidson et al., 2003;
Davidson and Zon, 2006), which impart posterior identity by
directly regulating hox gene function (reviewed in: (Lohnes,
2003)). cdx genes are known to be regulated by Ntl (Garnett
et al., 2009; Morley et al., 2009) and to be targets of Fgf and Wnt
signaling (reviewed in: (Lohnes, 2003)). In agreement with all our
other observations, the expression domains of both cdx4 and cdx1a
appeared to be expanded on the ventral side of spt gastrula and
likewise later caudally in the embryo including abnormally strong
expression in the intermediate mesoderm (Fig. 6D and E). This
latter observation could perhaps explain the altered anterior–
posterior patterning seen in the kidney (Fig. 5E–H) for cdx4
overexpression in the nervous system promotes more posterior
fate and interferes with more anterior fate (Skromne et al., 2007).
Members of the Sprouty family (spry) and Interleukin 17
receptor D (il17rd) encode intracellular regulators of receptor
tyrosine kinase signaling that antagonize Fgf signal transduction
(Fürthauer et al., 2002, 2001, 2004; Hacohen et al., 1998; Tsang
et al., 2002). We investigated these as well as their expression is
induced by Fgf8a (Fürthauer et al., 2002, 2001; Tsang et al., 2002).
As expected from fgf8a expression, spry4 and il17rd were more
highly expressed caudally in the spt mutant (Fig. 7A, B). Surpris-
ingly, spry2 was not (Fig. 7C). Although expression of spry2 in the
midbrain and hindbrain of the spt mutant seemed more robust
(like fgf8a), in the posterior of the embryo, where tbx16 is
normally expressed (Grifﬁn et al., 1998; Ruvinsky et al., 1998)
spry2 expression looked no different than wildtype. This result
suggests that perhaps spry2 is a downstream target of Tbx16 and
analysis of the published 8 h microarray (Garnett et al., 2009)
Fig. 6. Components of the Fgf and Wnt pathway are more highly expressed in spt mutants. Expression of (A) fgf8a; (B) ntl; (C) wnt8a; (D) cdx4; (E) cdx1a; (F) bmp4; (G)
chordin; (H) aldh1a2; and (I) wnt5b at: 7 h, 10 h and 11 h. Embryos at 7 h are shown in (A–C) a high magniﬁcation left side view and a low magniﬁcation dorsal view, (D–F) a
left side view, and (G–I) a dorsal view. Older embryos are all shown in a dorsal posterior view. Designations (7 h): brackets, more or less expression; open circles, dorsal side;
arrowhead, prechordal plate; (later stages): arrow, more expression in the posterior region and tailbud; asterisk, less expression in the paraxial mesoderm; arrowhead, more
expression in the future midbrain-hindbrain boundary; open arrowhead, more expression in the intermediate mesoderm.
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indicates that spry2 expression is downregulated Z1.5-fold in
tbx16-deﬁcient embryos. Being that Spry2 is a negative regulator,
when its function is compromised Fgf signal transduction becomes
more intense and longer in duration (García-Domínguez et al.,
2011).
We also looked in more detail at canonical Wnt signal transduc-
tion in spt mutants because previously, we noted that β-catenin was
not located properly at the cortex of spt mutant cells (Warga and
Nusslein-volhard, 1998). β-catenin, which has a function in cell
adhesion, is also a transcriptional effector of canonical Wnt signaling.
When Wnt signaling is active, levels of β-catenin build up in the
cytosol, allowing it to enter the nucleus and activate transcription of
target genes (Amin and Vincan, 2012; Schneider et al., 1996; Sylvie
et al., 2011; van Amerongen and Nusse, 2009; Widelitz, 2005).
Reinvestigation suggested that ventral mesoderm cells of the spt
gastrula, which are less coherent with one another than wild-type
cells (Warga and Nusslein-volhard, 1998), have more cytoplasmic and
nuclear β-catenin than normal (Fig. 7D). This observation is consis-
tent with a previous analysis indicating that Wnt signaling is highly
upregulated in spt mutants during later blood development (Mueller
et al., 2010). In sum, our results show that Fgf signaling is more active
in the spt gastrula and likely Wnt signaling as well.
On the other hand, Bmp signaling seemed normal during gas-
trulation in the spt mutant. bmp2b and bmp4, two of the principle
ligands involved in this pathway (Schier and Talbot, 2005) showed no
changes in expression at 7 h (Fig. 6F and data not shown). It was only
once cells began to accumulate in the mutant tailbud that their
expression domains increased. We also looked at the Bmp signal
antagonist chordin, expressed in the organizer (Miller-Bertoglio et al.,
1997). Here fewer cells in the prechordal plate of the mutant
appeared to express chordin at 7 h (Fig. 6G), however the prechordal
plate of sptmutants is misshapen (Muyskens and Kimmel, 2007) not
smaller (Warga and Nusslein-volhard, 1998). This is unlikely to alter
the balance of Bmp signals and later chordin expression in spt
mutants appeared relatively normal.
Other pathways that regulate posterior development, include RA
(Diez del Corral and Storey, 2004; Duester, 2008; Stern et al., 2006)
and noncanonical Wnt signaling (Agathon et al., 2003; Marlow et al.,
Fig. 7. Fgf and Wnt signaling activity are elevated in spt mutants. (A–C) Expression at 10 and 12 h of: (A) spry4, (B) il17rd, and (C) spry2. All 10 h embryos are shown in a
dorsal posterior view, the 12 h embryos in (C) are shown in left side view. Designations: arrow, tailbud (10 h) or posterior mesoderm (12 h); open arrowhead, Kupfer's
vesicle; asterisk, paraxial mesoderm; and arrowheads, midbrain-hindbrain boundary region and rhombomere 4. (D) Expression at 7 h of β-catenin protein seen at high
magniﬁcation in ventral marginal cells. Cells in the mutant (right), are not as cohesive with one another as in wildtype and make abnormal intercellular contacts and gaps.
They also appear to have higher cytoplasmic and nuclear staining.
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2004; Pyati et al., 2005). Not surprisingly, we found defects in the RA
pathway as early as gastrulation. This is because aldh1a2 (also known
as raldh2), encoding the enzyme necessary for the ﬁnal metabolic step
in retinoic acid synthesis is expressed in the paraxial mesoderm
(Begemann et al., 2001). As paraxial mesoderm is not speciﬁed
properly in spt mutants (Grifﬁn and Kimelman, 2002; Weinberg
et al., 1995; Yamamoto et al., 1998) and its later derivative the somites
are absent (Kimmel et al., 1989), few cells express aldh1a2 at 7 h
(Fig. 6H). Between 10 and 11 h during which time the ﬁrst trunk
somites form, aldh1a2 expression was nearly gone in agreement with
other studies (Gibert et al., 2006; Mueller et al., 2010). With respect to
noncanonical Wnt signaling, expression of the noncanonical wnt5b
ligand, also required for tail development (Marlow et al., 2004; Rauch
et al., 1997), seemed normal at 7 h (Fig. 6I) but, by 10 and 11 h strong
Fig. 8. Altering Fgf8a signaling activity changes the balance of intermediate mesoderm-derived fates. (A–G) Overexpressing fgf8a by heat-shock effects individual
intermediate mesoderm fates differently. (A–F) in situ analysis at 12 h after heat shock of the transgene at 6 h showing different examples of the phenotypes. Control siblings
(con) not carrying the transgene, were also heat-shocked. pax2a expression identiﬁes pronephric precursors (PRD), gata1 expression identiﬁes red blood precursors (BLD)
and (not shown) ﬂi 1a expression identiﬁes endothelial precursors (EDT). (G) Quantiﬁcation of precursor cells at 12 h after heat shock at 6, 7.5 or 9 h. Graphs show the
average number of cells per fate and the standard error. (H–T) Inhibiting Fgf8a activity effects individual intermediate mesoderm fates in an opposite manner to
overexpression. (H–M) in situ analysis at 12 h of embryos exposed to Su5402 for 1 h at 6 h (H, I), injected at the 2 to 8-cell stage with the fgf8a morpholino (K, L) and their
uninjected siblings (L, M). Embryos were also probed with ntl to monitor the effect on morphogenesis (open circle designates the notochord). Note that the tailbud marked
by ntl expression is also smaller in all the SU5402 treated and fgf8a morphant embryos. (N) Quantiﬁcation of precursor cells at 12 h after exposure to SU5402 for 1 h at
6 hours. (O–T) Live embryos depicting the tailbud phenotype after 1 h exposure to Su5402 at 6 h (O, P), or following injection of the fgf8a morpholino (Q, R) and their
uninjected siblings (S, T). Embryos are shown from a (A–F and H–M) dorsal posterior view, or (O–T) left side view; asterisk designates the tailbud.
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expression in the tailbud was more extensive and weaker expression
in the paraxial mesodermwas highly reduced. We conclude that once
posterior patterning is altered in the mutant due to excess Fgf
signaling, other signaling pathways reﬂect this change in patterning.
Fgf signaling helps balance the ratio of intermediate mesoderm fates
It has been reported in zebraﬁsh, that transient overexpression of
wnt8a during gastrulation posteriorizes the intermediate mesoderm,
resulting in more pronephric cells (Ueno et al., 2007). This study did
not examine the effect on trunk blood or endothelium. To determine if
transient overexpression of fgf8a had a similar effect on pronephric
precursors and whether there was a critical time that overexpression
had a greater effect, we repeated these experiments only with heat-
shock-inducible Fgf8a transgenic embryos (Hans et al., 2007). Like the
Wnt8a study, we heat-shocked for 30 min at the onset of gastrulation
(6 h), mid gastrulation (7.5 h) and late gastrulation (9 h), ﬁxed them at
early somite stages after one can unambiguously label all three tissues
of the intermediate mesoderm (Davidson et al., 2003) and assayed for
the number of cells allocated to pronephric fate by pax2a expression.
We did not perform heat-shocks prior to gastrulation because it is well
known that Fgf8 signaling patterns the mesoderm along the dorsal–
ventral axis during pregastrulation stages by promoting dorsal and
lateral mesodermal fates (Amaya et al., 1991; Fürthauer et al., 1997,
2004) nor do spt mutants exhibit changes in fgf8a expression until
after the onset of gastrulation (Fig. 6A).
We found that overexpression of fgf8a upon heat-shock at 6 h,
caused a signiﬁcant increase in the number of pronephric pre-
cursors expressing pax2a at 6-somites (12 h; compare Fig. 8A–C),
whilst overexpression of fgf8a upon heat-shock at 7.5 h or 9 h,
caused less of an effect or almost no effect on the number of
pronephric cells (Fig. 8G). This was similar to the results obtained
by overexpressing wnt8a (Ueno et al., 2007). On the other hand,
overexpression of fgf8a at 6 h resulted in a signiﬁcant decrease in
the number of red blood precursors expressing gata1 as well as a
minor decrease in the number of trunk endothelial precursors
expressing ﬂi1a (Fig. 8D–G and data not shown). Thus overexpres-
sion of fgf8a at 6 h causes an intermediate mesoderm phenotype
similar to that of the spt mutant that may be due to posteriorizing
the intermediate mesoderm.
Studies have demonstrated that RA administered during gas-
trulation is also a posteriorizing factor (Hans and Westerﬁeld, 2007;
Hill et al., 1995; Kessel and Gruss, 1991; Kudoh et al., 2002; Phillips
et al., 2001; Stafford and Prince, 2002), however it is also known to
attenuate Fgf signaling by repressing fgf8 transcription and/or
accelerating its decay during early somite stages (Diez del Corral
et al., 2003; Dubrulle and Pourquié, 2004). To delineate the effect of
Fgf activity on the intermediate mesoderm and whether this is the
consequence of changes in RA synthesis in the spt mutant due to
decreased aldh1a2 expression (Fig. 6H) we treated embryos for 1 h
with 1 mM RA at 6 h, when overexpression of fgf8a had the greatest
effect. Like overexpression of fgf8a at 6 h, ectopic RA at this time
resulted in more pronephric precursors and less red blood pre-
cursors, even in spt mutants (Supplementary Fig. 3), supporting the
idea that the shift in blood, endothelial and kidney cell fate is a
consequence of too much posteriorizing activity. Furthermore,
because ectopic RA had the same effect as overexpressing fgf8a, it
is unlikely that increased fgf8a expression during gastrulation in the
sptmutant or the changes in distribution of blood, endothelium and
kidney stem from decreased RA levels.
We next asked what would happen if we interfered with Fgf8a
activity. First we used an antisense morpholino against fgf8a that
efﬁciently phenocopies the acerebellar (ace) mutant (Araki and
Brand, 2001) a loss-of-function mutation in fgf8a (Reifers et al.,
1998) and next we used SU5402, a chemical antagonist of the Fgf
receptor (Mohammadi et al., 1997; Poss et al., 2000). Both gave
similar phenotypes. Injection of 2–5 ng of fgf8a morpholino per
embryo or treatment for 1 h with 25 mM SU5402 at 6 h (the critical
time for Fgf8a overexpression) resulted in minimal alterations to
morphology (in wildtype), but markedly fewer pronephric pre-
cursors at 12 h (Fig. 8H, J, L and N). In wildtype, this was a 19%
reduction, but in mutants, this was a 41% reduction likely because
spt mutants are hypersensitive to inhibition of Fgf signaling
(Grifﬁn and Kimelman, 2003). We also treated embryos with
SU5402 at later stages, but like overexpression of Fgf8a this had
less of an effect. Knocking down Fgf8a function or interfering with
Fgf signaling turned the spadetail of the mutant into a wildtype
tailbud (Fig. 8O–T) and rescued the posterior patterning defects
seen in the kidney of older mutant embryos (data not shown)
supporting a causal relationship between posteriorization due to
excessive Fgf8a and more pronephric precursors.
Notably, interfering with Fgf8a activity had an opposite effect on
trunk blood (Fig. 8I, K, M and N). Injection of approximately 2–3 ng of
fgf8amorpholino, which creates embryos that do not display the full
ace phenotype, or treatment with SU5402 resulted in substantially
more red blood precursors in wild-type embryos at 12 h. However
higher amounts of fgf8a morpholino (4–5 ng) that mimic the ace
phenotype resulted in less blood progenitors suggesting that blood
patterning is exquisitely sensitive to fgf8a levels. In contrast, most
mutant embryos, either injected with the morpholino or treated with
SU5402, showed no increase in the number of red blood precursors
other than a few mutants treated with SU5402 (4/42). We obtained
similar results assaying with a more universal blood marker tal1
(Supplementary Fig. 4A). Hence simply decreasing Fgf8a signaling in
spt mutants is not sufﬁcient to restore trunk-derived blood, even
though it increases head-derived blood (Supplementary Fig. 4C).
Decreasing Fgf8a signaling, like increasing it, reduced the number of
trunk endothelial precursors (Fig. 8N, supplementary Fig. 4B). Never-
theless, treated embryos always had more trunk endothelial cells
than pronephric cells, which is not normally the case in the mutant.
Thus lowering Fgf8a activity in spt mutants causes the ratio of cell
types derived from the trunk intermediate mesoderm to more
closely approximate the wild-type ratio (compare spt experiment
to wild-type control in Fig. 8N). We conclude that elevated Fgf8a
activity promotes kidney speciﬁcation and represses blood speciﬁca-
tion whereas decreasing its activity has the opposite effect. On the
other hand, both increased and decreased Fgf8a activity has a similar
effect on endothelial speciﬁcation that is somewhat inhibitory.
Discussion
This study reveals a previously uncharacterized role for spt function
in intermediate mesoderm patterning. While previous studies showed
that spt mutants lacked red blood, our work demonstrates that they
have too little blood of any kind as well as too much pronephros and a
little less endothelium. An intriguing ﬁnding of our work is that Fgf
and Wnt signaling are elevated throughout the ventral and lateral
regions of the spt gastrula, and later at the posterior tip of the embryo,
a result that correlates with our observations that mutant embryos
have excess posterior mesoderm. However, Fgf signals not only
promote posterior identity (Amaya et al., 1991; Dessimoz et al.,
2006; Draper et al., 2003; Dubrulle and Pourquié, 2002; Pownall
et al., 1996), they also prevent the undifferentiated progenitors that
reside in the tail from precociously differentiating (Diez del Corral
et al., 2003; Olivera-Martinez et al., 2012; Olivera-Martinez and Storey,
2007). It has been proposed that spt mutant cells are trapped in a
transient state of mesodermal differentiation (Grifﬁn and Kimelman,
2002; Row et al., 2011). Our observation that Fgf activity is elevated in
the mutant explains the more “tail-like” attributes of mutant cells, this
we propose is responsible for the spt intermediate mesoderm defect.
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Non-cell autonomous role of Tbx16 for trunk patterning
It is well established that the spt gene product, Tbx16, has cell
autonomous roles both in specifying cell fate and properly locating
cells during gastrulation (Ho and Kane, 1990; Rohde et al., 2004;
Row et al., 2011). Likely this explains why attenuating Fgf8a
activity had so little effect on rescuing trunk blood cells in the
mutant for not only is the signal antagonist spry2 not regulated
properly in spt mutants (Fig. 7C), but the transcription factor
mespa is signiﬁcantly downregulated (Garnett et al., 2009). Both
are critical for hematopoietic cell fate (García-Domínguez et al.,
2011; Hart et al., 2007). Likely however, many of the other defects
we observe in posterior patterning are non-cell autonomous.
Other zebraﬁsh T-box transcription factors have essential non-
cell autonomous roles. Both Brachyury and Ntl promote tail
identity during later gastrulation and somitogenesis by maintain-
ing expression of wnt8a and wnt3a (Martin and Kimelman, 2008;
Morley et al., 2009). What if Tbx16 has a similar non-cell
autonomous role only in promoting trunk identity during gastru-
lation by attenuating expression of fgf8a? Not only is fgf8a
expression elevated in spt mutants, but ntl expression is as well.
Fgf and Ntl are thought to induce the expression of each other
(Isaacs et al., 1994; Schulte-Merker and Smith, 1995). However,
others have shown that this autoregulatory loop is restricted to the
axial mesoderm (Martin and Kimelman, 2008), and that in the
nonaxial mesoderm, Ntl is downstream of Fgf signaling (Draper
et al., 2003; Grifﬁn et al., 1998; Olivera-Martinez et al., 2012). By
regulating Fgf8a, Tbx16 could perhaps control trunk versus tail
identity via Fgf8a's action on Ntl and downstream canonical Wnts
(Fig. 9A).
The spt fate map
While initial dorsal–ventral position of a progenitor in the early
gastrula is important for later anterior–posterior position of its
derivatives (Kimmel et al., 1990; Lee et al., 1994; Stainier et al.,
1993; Ward et al., 2007; Warga et al., 2009; Warga and Kimmel,
1990; Warga and Nusslein-Volhard, 1999), this relationship only
correlates broadly because initial animal–vegetal position is also
important. For presumptive mesoderm, how far from the margin a
cell is positioned at the onset of gastrulation determines when it
enters the mesodermal layer. Generally cells that lie close to the
margin enter the mesodermal layer earlier and eventually lie more
anterior than cells positioned further away (Kimmel et al., 1990;
Warga and Kimmel, 1990; Warga and Nusslein-Volhard, 1999).
Although our results show that all blood and endothelium in spt
mutants derives from more or less the same dorsal location (rather
than head blood and endothelium deriving exclusively from the
dorsal half of the gastrula and trunk blood and endothelium
deriving exclusively from the ventral half of the gastrula) we also
demonstrate that head blood and endothelium in the mutant tend
to originate from clones that lie close to the margin whereas trunk
blood and endothelium from clones farther away (Fig. 9B). This
was observed for pronephros as well. Thus the majority of trunk
intermediate mesoderm in the mutant originated from clones
located closer than normal to the animal pole suggesting that
the dorsal–ventral axis in the mutant is translated into the
animal–vegetal axis with respect to the later anterior–posterior
position of head and trunk.
However while the axes for head and trunk are reconﬁgured in spt
mutants on the gastrula fate map, the axes for tail are magniﬁed.
Rather than deriving from only the most ventral marginal cells, tail
derivatives in the mutant such as caudal ﬁn mesenchyme and tail
muscle instead derive from the whole ventral half of the gastrula and
from more animal cells (Fig. 9B). Thus the tail ﬁeld of mutants usurps
completely what is normally the trunk territory of intermediate
mesoderm for all but pronephros, as well as what is normally the
trunk territory of muscle (Kimmel et al., 1990; Warga and Nusslein-
Volhard, 1999). Perhaps this explains the absence of intermediate
mesoderm tissue most posteriorly in mutant embryos (Fig. 3B–D).
Because many of the cells in the wild-type trunk gastrula ﬁeld
normally incorporate into the tailbud temporarily as the trunk of the
embryo is becoming organized (Kanki and Ho, 1997), it is possible that
the spt tailbud does not contribute cells to the trunk unless they have
pronephric fate, alternatively trunk cells that do not transit through
the tailbud may have a greater tendency to become pronephros in spt
mutants.
Fgf8 patterning of the intermediate mesoderm
Formation of the posterior of the zebraﬁsh embryo is a continuum
of cells being added to the trunk region during gastrulation and to
the trunk and tail region during tailbud formation and elongation
(Kanki and Ho, 1997; Kimmel et al., 1990; Warga and Kimmel, 1990).
During this process, mesoderm cells express a series of genes and
undergo a progression of cell behaviors associated with their
differentiation state (Amacher et al., 2002; Goering et al., 2003;
Grifﬁn and Kimelman, 2002; Kanki and Ho, 1997; Row et al., 2011;
Fig. 9. Tbx16 regulates posterior body formation via regulation of Fgf8a. (A) The presence and absence of Tbx16 activity. Fgf8a signaling activity normally induces Ntl and
Bra, which together act to maintain Wnt8a andWnt3a signals thereby causing cells to persist in a progenitor stem cell state conducive to becoming tail. Tbx16, likely through
an intermediary (?), represses Fgf8a production. Where there is no Fgf8a signal, Ntl and Bra are not induced and Wnt8a and Wnt3a signals are not maintained allowing
mesodermal precursors to differentiate and become trunk. (B) Comparison of the gastrula fate map for head, trunk and tail to fgf8a and tbx16 transcript distribution in
wildtype versus spt mutant. fgf8a expression is biased to the dorsal side in wildtype, whereas tbx16 expression is biased to the ventral side. In spt mutants where there is no
tbx16 activity, fgf8a expression occupies the tbx16 expression domain and tail fates expand into the trunk domain whereas trunk fates now derive dorsally and more
animally, correlating to where the least amount of fgf8a expression occurs. Axes: dorsal–ventral (d–v), and animal vegetal (a–v).
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Warga and Kimmel, 1990). Evidence suggests that spt mutant cells
initiate the program of mesodermal differentiation, but fail to
complete it because they persist in expressing genes and cell
behaviors that should be transient (Grifﬁn and Kimelman, 2002;
Row et al., 2011) and this has been proposed to be why dorsal and
lateral mesodermal cells in the mutant adopt cell behaviors reminis-
cent of cells on the more ventral side of the wild-type gastrula (Ho
and Kane, 1990; Kimmel et al., 1989; Warga and Nusslein-volhard,
1998), as well as why trunk progenitors stay in the tailbud during
somite stages (Grifﬁn and Kimelman, 2002). It should be noted
however, that this block in differentiation must not be permanent
because eventually many of the dislocated mutant cells in the tail
differentiate, sometimes as inappropriate fates given their beginning
location (Kimmel et al., 1989). Thus while Tbx16 is not required for
cells to initiate the differentiation program, it is necessary afterwards
to repress some factor involved in keeping cells in an intermediate
state of differentiation at least temporarily. Fgf8 signals are known to
posteriorize, but some of this ability is due to its activity suppressing
terminal differentiation of a relatively small pool of stem cell
progenitors from which much of the posterior body is derived from
(Diez del Corral et al., 2003; Kanki and Ho, 1997; Olivera-Martinez
et al., 2012; Olivera-Martinez and Storey, 2007; Woo and Fraser,
1997). Our results indicate that Fgf8a is the factor that Tbx16
represses, likely indirectly as Tbx16 appears to act mainly as a
transcriptional activator (Conlon et al., 1996; Horb and Thomsen,
1997) and a likely intermediary target is the mixer-like transcription
factor bon which microarray results (Garnett et al., 2009) indicate is
downregulated Z1.5-fold in spt mutants and whose Xenopus ortho-
log is known to regulate levels and/or durations of Fgf8 signals (Colas
et al., 2008). Not only is fgf8a more highly expressed in spt mutants,
but also where the least amount of transcripts occur correlates to
where in the gastrula trunk intermediate mesoderm derives exclud-
ing pronephros (Fig. 9B). In wildtype, trunk blood and endothelium
are biased to the ventral side of the gastrula, whereas fgf8a expres-
sion is biased to the dorsal side. In spt mutants, these biases are
reversed, and tail derivatives such as caudal ﬁn mesenchyme and tail
muscle now derive from what in wildtype is the trunk domain.
Likewise, trunk intermediate mesoderm in the mutant maps closer
to the animal pole in accord with there being more fgf8a expression
at the margin.
Perhaps the reallocation of intermediate mesoderm tissues in
spt mutants simply results from excess Fgf8a posteriorizing the
mesoderm causing presumptive trunk cells to acquire a tail fate. In
zebraﬁsh, blood only forms from mesoderm speciﬁed with the
correct anterior–posterior identity, whereas this seems not so for
pronephros or endothelium (Davidson et al., 2003; Wingert et al.,
2007). This would be in keeping with our results that no Fgf8a and
excessive Fgf8a appear to be deleterious for blood, as well the
observation that cdx4 and cdx1a are more highly expressed in the
spt mutant (Fig. 6D, E). For cdx transcription factors, which convey
anterior–posterior cell identity along the axis via regulation of the
hox genes, are targets of Fgf signaling (reviewed in: (Lohnes,
2003)). Nevertheless, posterior identity must inﬂuence pronephric
fate for as our results show the two are positively linked. More-
over, in both zebraﬁsh and mouse, genetically attenuating Fgf8
activity not only results in less tail mesoderm, but also fewer
kidney cells (Draper et al., 2003; Grieshammer et al., 2005;
Perantoni et al., 2005).
There may however be another reason for the causal relation-
ship between Fgf8a activity and pronephric fate. Clonal analysis in
the zebraﬁsh indicates that kidney identity is established well
before blood and endothelial identity (Vogeli et al., 2006; Warga
et al., 2009) and as intermediate mesoderm tissue becomes
evident molecularly in the zebraﬁsh, it expresses a series of genes
that indicate all cells initially have the capacity to become kidney
(reviewed in: (Davidson and Zon, 2004)). It has been shown that
Fgf8a function maintains expression of pax2a (one of the earliest
kidney genes) in the midbrain-hindbrain boundary, another area
in the embryo where pax2a is expressed (Reifers et al., 1998).
Moreover, Fgfs suppress precocious blood differentiation
(Bartůnek et al., 2002; Colas et al., 2008; Walmsley et al., 2008;
Willey et al., 2006). Perhaps by keeping cells in a kidney program
and preventing cells from beginning a blood or endothelial
program of development, Fgf8a holds cells in the less differen-
tiated kidney state (like a tail stem cell progenitor). While blood
cell fate seems exquisitely sensitive to Fgf8a activity in our
experiments, possibly explaining why blood genes activate later
than endothelial genes, macrophages are largely unaffected in spt
mutants. This is likely because on the dorsal side of the gastrula,
cells normally are exposed to much more Fgf8a. The advantage of
Fgf8a delaying intermediate mesoderm cells from initiating a
blood or endothelial differentiation pathway may be to not only
create enough cells, but allow morphogenetic events to occur that
bring these cells in proximity to new sources of inducing signals,
for example trunk paraxial mesoderm which eventually is closely
apposed to prospective red blood and crucial for its development
(Rohde et al., 2004).
Sequence similarity indicates that zebraﬁsh tbx16 is an ortholog
of chicken Tbx6L, and Xenopus Xombie (also known as Antipodean,
VegT, and Brat) (Ruvinsky et al., 1998) and although there is no true
mammalian ortholog, there is a high degree of similarity in
expression and aspects of function between zebraﬁsh tbx16 and
mouse Tbx6 (Wardle and Papaioannou, 2008). Thus it will of
interest to determine if a similar link exists between the Fgf8
signaling pathway and other vertebrate tbx6 subfamily members
in the formation of posterior mesoderm and the patterning of
intermediate mesoderm.
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